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Abstract 
 
Single-sided NMR devices, like NMR MOUSE (MObile Universal Surface Explorer), are designed to allow NMR surface 
measurements to be conducted on arbitrarily large samples, and are therefore valuable tools to evaluate non-invasively moisture 
content ‘‘inside’’ a planar object. In this work, we aim to perform “in situ” studies of moisture transport in building materials 
during drying experiments with NMR MOUSE. The local moisture content was monitored over time and mapped over sample 
thickness with a depth resolution of 0.5 mm and a maximum penetration depth of 15 mm. In addition, NMR MOUSE allows 
measuring transverse relaxation time T2. Experimental results show that moisture content is homogeneously distributed over the 
thickness, which indicates that moisture is transferred through capillary processes. Furthermore, transverse relaxation time 
distribution measurements revealed that the drainage of pore water occurs sequentially from larger pores to smaller pores. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
 
In building made of hygroscopic materials, moisture plays an important role in the energy performance, indoor 
air quality and durability. Therefore, numerous models were developed to predict to moisture level over time and 
space in building materials and envelopes. However, reliable experimental data are required to  validate these 
models. Tada and Watanabe [1], Roels et al. [2] and Phillipson et al. [3] propose an overview of current techniques 
for moisture measurements in building materials. For instance, relative humidity or moisture content can be assessed 
by the use of capacity sensors [4] or TDR probe [5]. Nevertheless, moisture is quantified only locally and sensors of 
finite size must be embedded in the materials. On the other hand, transient moisture content profiles can be 
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determined in a non-destructive way by several techniques like gamma-ray attenuation technique [6], X-ray or 
neutron radiography [7,8] or NMR technique [9]. These techniques provide continuous information with a good 
spatial resolution; however, they require specific and expansive equipment and are not feasible to use in-situ. 
To overcome the previous inconveniences, mobile single-sided NMR devices were recently developed [10][11] 
by combining open magnets and surface RF coils to generate a sensitive volume external to the sensor and inside the 
object under investigation. In contrast to conventional NMR, no size or geometry limitations are imposed on the 
studied object, except that it should be accessible from the side. Recent application of single-sided NMR in building 
materials include liquid water uptake in wood [12] and in porous stones [13,14], the drying of cement paste [15] or 
even the investigation of concrete coatings [16]. In this work, we aim to evaluate the use of mobile single-sided 
NMR devices to quantify the dynamic transport of moisture and to visualize the moisture distribution within gypsum 
sample during a drying stage. Section 2 details the operating principle of NMR MOUSE device and  the 
experimental set-up and protocol, while Section 3 present the results. 
 
 
2. Materials and methods 
 
2.1. Single sided NMR 
 
The NMR measurements are performed using the NMR MOUSE PM 25 (Magritek GmbH, Aachen,  Germany). 
A permanent magnet generates a magnetic field B0 of 0.308 T (corresponding to 1H Larmor frequency of 13.11 
MHz), with a strong and highly uniform magnetic field gradient G0 of 6.58 T.m-1. A surface RF coil is placed on top 
of the magnet to excite and detect the NMR signal from a sensitive spot at a distance of 15 mm from the instrument 
surface. The sensitive volume extends about 40 × 40 mm2 along the lateral directions, while the thickness is about 
240 µm (corresponding to a 90° radiofrequency pulse length of 15 µs). Both magnet and RF coil are mounted on a 
stepper-motor driven, computer-controlled lift (with a precision of 10 µm) to collect the NMR signal at a desired 
depth inside the sample or to acquire high-resolution sample profiling. 
In an inhomogeneous magnetic field, such as in NMR MOUSE devices, the NMR signal (FID) decays very 
quickly and, thus, cannot be directly detected. Therefore, signal decay is generally recovered in single-sided NMR 
devices by applying Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence [10]. Usually, the first echoes obtained are 
removed and the decay of the echo amplitudes is fitted using an exponential function. Two main parameters are 
assessed: the signal amplitude at zero time, which is indicative for the number of protons in the sensitive volume, 
and transverse relaxation times T2, which relates to the molecular mobility. Because of the magnetic field   gradient, app eff 
one can assess only an apparent relaxation time T2 , which is related to the effective relaxation time T2 as follow: 
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where D is the water self-diffusion coefficient, □ is the gyromagnetic ratio and tE  is echo time of the CPMG app 
sequence. Hereafter, T2 is referred to T2 in order to keep a compact notation. 
When the measurement is performed on porous materials, it is relevant to correlate the NMR signal intensity to 
the moisture content. Poli et al. [17] suggest to compare the gravimetrically determined moisture content of 
numerous samples against the integrated NMR signal intensity and to build up a calibration curve. In addition, T2 
depend  on the  degree of confinement  of water  within the  porous structure:  water in  small pores relaxes  rapidly, 
eff −1 
whereas water in large pores relaxes mores slowly. Consequently, the effective relaxation rate (T2        ) bulk −1 is generally surf −1 
assumed as an average of the bulk liquid relaxation rate (T2 )    and the surface liquid relaxation rate (T2 )   . The 
latter depends on the surface-to-volume ratio S/V of the pore and on the surface relaxivity ρ: 
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Fig. 1. Experimental set-up and measured boundary conditions for the drying experiment. 
Furthermore, as porous materials present different pore size and morphology, T surf may present different values and 
NMR signal can be written as a sum of many exponential functions using inverse Laplace transformation algorithm: 
 t   
st  ∑ Ai exp  eff  (3) 
i  T2,i    
where Ai characterize the amount of water associated to each T2 component. 
 2.2. Material and Experimental protocol 
Experiments are performed on gypsum as it can be considered as a reference building material. Three samples 
with a size of 50 x 50 x 12 mm3 were dried up to constant mass in a ventilated oven at a temperature of 60±2 °C and 
wetted up respectively to moisture content of 10 %, 20 % and 40 %. The samples were sealed using polymer film to 
prevent moisture exchange and stored in a jar for one month at 23±2 °C so that moisture is redistributed 
homogeneously within the sample. Every sample is first used to calibrate the NMR signal. 
Then, drying experiment is performed at ambient conditions on the sample with the highest moisture content. The 
lateral side and the under face were sealed to ensure that evaporation is allowed only on the upper surface at the 
position z = 12 mm and that the drying through the sample is one-dimensional. As drying proceeds, moisture 
content and relaxation times was monitored by repetitive CMPG measurement at 25 various depths, where each step 
was separated by 0.5 mm. Air temperature and relative humidity are monitored with a capacitive humidity sensor 
(Rotronic HC2-S, Bassersdorf, Switzerland), whereas the sample was weighted at the beginning and at the end of 
the drying stage. Experimental set-up and air temperature and relative humidity are shown in Figure 1. One may 
observe that temperature is set to 26±2 °C while relative humidity varies between 30 % and 60 %. 
3. Results and discussion 
3.1. NMR signal and moisture content calibration 
In this work, the echo time was set to 80 µs and 128 echoes were recorded. 512 scans were accumulated with a 
repetition time of 1200 ms which required an experimental time of 10 min for each point. The signal  decay 
measured in the center of three samples and its fit with a single exponential function is plotted in Figure 2a. As 
expected, the higher the moisture content, the higher the NMR signal and the higher the transverse relaxation time: 
fitted amplitude decreases from 0.779 to 0.068 and relaxation time from 22,7 ms to 2,5 ms when moisture content 
decreases from 40 % to 10 %. Whereas the fit quality is good at high moisture content, less good agreement is found 
at low moisture content indicating that a single exponential function is not sufficient to describe the NMR decay. 
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Fig. 2. Measured and fitted NMR signal in the center of three samples (a) and associated T2 distribution (b). 
 
When NMR signals are fitted with a multi-exponential function (see Figure 2b), one observe one main peak for high 
moisture content sample while low moisture content samples present two distinct peaks of similar amplitude. Such a 
T2 distribution was observed previously in other gypsum-based materials [18, 19] and was correlated with pore size 
distribution: the first population associated with the longer T2 extends uniformly in permeable porous structure 
while the second water population with the shorter T2 is more confined and isolated in some clusters of gypsum 
crystals [18]. Based on these observations, all the magnetization decays are fitted by two-exponential functions in 
the rest of the work. 
Figure 3a present the measured profiles for the three samples. In particular, measurements were repeated at least 
three times for the high moisture content sample: no dispersions are observed proving the reliability of the results. 
Whereas moisture is homogeneously distributed over the thickness for low moisture content sample, an uneven 
distribution is observed for the high moisture content sample. The mean NMR signal intensity is plotted against the 
gravimetrically determined moisture content in Figure 3b: a linear relationship is found and is then used to convert 
NMR signal intensities into moisture content values. 
 
3.2. Drying 
 
The drying was monitored over a period of 30 days where the overall gravimetric moisture content decreased 
from 37.5 % to approximately 12.5 %. During the drying stage, 64 echoes were used in the CPMG train; the recycle 
delay was 600 ms, and the number of scans 1024, leading to a total experimental time of 5 hours for the entire 
profile. For clarity, only a few NMR profiles (converted in moisture content by using the calibration law) are 
displayed in Figure 4a, while drying kinetics measured at different positions in the sample are plotted in Figure   4b. 
 
 
 
 
Fig. 3. Measured NMR profiles for the three samples (a) and calibration curve (b). 
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Fig. 4. Moisture content profiles during the drying stage (a) and drying kinetics measured at 6 positions within the sample (a) 
 
While it is initially not uniform, profiles are getting progressively flat as drying proceeds: before the 20th days, 
moisture content is unevenly distributed over the thickness and the higher the moisture content, the fast the drying 
kinetic. Between the 20th and the 30th days, moisture content decreases then homogeneously. Furthermore, since we 
do not observe the presence of any evaporation front (i.e. a small region at the air interface, where the pores appear 
to be totally desaturated), we can suppose that this experiment correspond to stage I drying and that moisture is 
transferred by capillary forces. Figure 5a exhibits the evolution of the relaxation time T2 evaluated at 7 mm over the 
drying time. In addition, the contribution of the long and the short relaxation time are plotted. As drying proceeds, 
T2  decrease.  According to  relation (2),  it indicates that proton relaxation becomes  more  influenced  by the    pore long 
surface. When the NMR signal is fitted with a bi-exponential function, we observe that T2 short decrease whereas 
T2 remains constant: drying proceeds from the larger to the smaller pores, while water confined in the gypsum 
crystals seems not to be transferred. 
 
 
4. Conclusions 
 
In this work, we investigate the drying of building materials by using the emerging single-sided  NMR 
technology. Measurements were performed in situ and in a nondestructive manner with a spatial resolution of about 
500 µm into the depth of building materials. Local proton density is obtained in a straightforward manner from the 
NMR response and can be directly related to conventional gravimetric moisture content if a calibration is available. 
Furthermore, the analysis of relaxation provides information on the pore size distribution. For instance, drying 
experiments performed on a gypsum sample indicates that moisture decrease homogenously within the sample and 
that evaporation occurs first in the larger pores and then in the smaller. 
 
 
 
Fig. 5. Evolution of the estimated short and long relaxation times (b). 
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